ABSTRACT. The fragmentation statistics was studied in the quasi-static compression experiments conducted on prismatic specimens of Mansurov granite. The statistical analysis showed that the cumulative fragment mass distribution for granite specimens is well described by a power law function, but the fragment number-sieve size distribution deviates from the power law in the range of are equal to about 1 mm. In order to explain this fact, we investigated the structure of fractured material (Computed Tomography and microstructures study in thin sections). A sharp increase the number of grains in the range of size from to 0.5 mm to 1 mm and a change in the fragment shape (from splinter to oval) allow us to suppose that there is an addition fracture mechanism associated with disintegration of feldspar and amphiboles grains.
INTRODUCTION
ragmentation plays an important role in a variety of geological phenomena, which is the main is due to the fact that rock fragmentation involves the initiation and propagation of fracture, and interaction between defects (pores, cracks) over a wide range of scales [1] . There exist many works devoted to different types and aspects of rock fragmentation. This phenomenon has been discussed by Grady [2, 3] . Bowman [4] used the concepts introduced by Grady to study the dynamic fragmentation of rock during rock avalanches. Apart from the studies of natural process, there are many investigations on rock fracture under dynamic and quasi-static loading in laboratory conditions. A variety of methods and techniques are used to gain a complete understanding of the fracture mechanisms in rock: acoustic emission [5, 6] , fractolumiscence [7] [8] [9] , digital image correlation [6, 10] , image analysis [11] , electromagnetic emission [9, [12] [13] [14] [15] and nuclear emission [16, 17] . In this work, along with the definition of fragmentation statistics laws, we study the granite structure of fragmented sample by using: X-ray Computed Tomography (CT), petrography-analysis of rocks in thin section, granulometric analysis and imaging particle analysis.
F EXPERIMENTAL CAMPAIGN
he fragmentation statistics was studied in the quasi-static compression experiments, performed on prismatic specimens of Mansurov granite, with lateral dimensions of 50 × 50 mm and height of 100 mm. Ten samples were tested on the electro-mechanical testing machine Zwick/Roel Z250 having a capacity of 250 kN (in uniaxial compression tests). Grip displacement rate was controlled taken ranging between 0.02 ÷ 0.2 mm/min. The experiments were performed at room temperature. The characteristic stress-strain curve for tested samples is given in Fig.1 . 
FRAGMENTATION STATISTICS
he study of fragmentation statistics generally involves the construction of the cumulative function of the fragment size distribution, i.e., determination of the relationships between the number of fragments N , the mass of which is larger than a prescribed value, and the mass m of the fragment. The fragment mass was measured by weighing each fragment on the electronic balance HR-202i (accuracy of the balance was 4 10 g). The large size fragments were weighed separately and small-size fragments were passed through a set of sieves, whose cell size varied from 0.315 to 15 mm. The number of fragments retained on sieves, S N , was varied from 1 to 
where M is the total mass of fragments in the sieve. To calculate mean fragment mass, m m , we weight 200 or 300 fragments. The mass of these fragments has to be greater than low balance limit 0.02 g. Fig. 2 (b) presents a log-log plot of the cumulative fragment mass distribution for the ten granite samples. This distribution is well described (being  where the fractal dimension D varies in the range from 0.563 to 0.682, and C varies in the range from 25 to 42. The expression (2) is called the fractal number relation [1] . To evaluate the scatter of D , we tested at a grip displacement rate  0.05 V mm/min four samples and at a value  0.02 V mm/min three samples (Fig. 3 ). The coefficient of variation is 4% and 9% for grip displacement rate  0.05 V mm/min and for  0.02 V mm/min, respectively. It is evident that for a reliable conclusion would require extensive statistical sampling, but under the given loading condition we assume that the variation in D is caused by the material inhomogeneity. Moreover, in Fig. 3 it can be observed that the power law exponent D does not practically change when the grip displacement rate increases by a factor of ten. The fragment number-sieve size distribution has the feature in the range of about 1mm, Fig.2(c) . Insert in Fig.2 (c) illustrates this distribution in a loglog plot. If the fragment number-sieve size distribution is described by power law (in this case, the graph in insert of Fig.2 (c) would be a straight line) the fragment number in the sieve with a cell size 1.1 mm will be lower than that obtained in experiments. This feature of fragment number-sieve size distribution is more or less pronounced, depending on the sample. 
STRUCTURE STUDY
n order to understand the nature of this feature, the granite structure of fragmented sample was examined by using: Xray Computed Tomography (CT), petrography-analysis of rocks in thin section, granulometric analysis and imaging particle analysis.
X-ray Computed Tomography (CT)
CT was performed for one of a big fragment with size, of about 28mm ×9mm×9mm and mass 2.26g. This fragment has a big cluster of cracks, which illustrates the process of granite fragmentation (Figs.4) . Blue color in the volume rendered CT image of this fragment indicates the crack cluster. Gray scale 2D image (Fig. 4c ) allows us to conclude that Mansurov granite fracture can be both of transgranular as well intergranular character [7] . Using CT it is impossible to evaluate, which grains (plagioclase, potash feldspar or quartz) are responsible of fracture, because the density for these three minerals is practically the same (plagioclase density is 2620-2760 kg/m 3 ; potash feldspar density is 2540-2750 kg/m 3 ; quartz density is about 2650 kg/m 3 ).
Petrography-analysis of rocks in thin section
Petrography-analysis was done using Polarizing microscope OLIMPUS BX51. It showed (Fig.5) that Mansurov granite has hypidiomorphic (with different degrees of idiomorphism of the grains of plagioclase, potash feldspar, quartz and hornblende) and porphyritic structure which the main part consists of plagioclase phenocryst. Texture of the rock is homogeneous and disorderly. Main rock-forming minerals are plagioclase (25-30%), potassium feldspar (25-27%), quartz (25-30%) and amphiboles (10%). Amphiboles are represented by hornblende and clusters of aggregates of actinolite needles. Fig. 6 it can be seen that in the range 0.5÷1 mm number of grains increases more than five times. Most of the grains (60%) are Feldspar (Potassium feldspar and Plagioclase) and 40% are Amphiboles. For fragments with the size of more than 2 mm, the fracture mechanism is due to cracking (Fig. 4) , whereas the formation of fragments of about 1mm can involve an additional mechanism of fracture, which is provided by chipping of feldspar and amphiboles grains. A considerable increase in the fragments number with the size less than 0.5 mm (Fig. 2(c) ) may be caused by chipping of Quartz. 
IMAGING PARTICLE ANALYSIS
he imaging particle analysis was performed based on the photos of fragments collected in the sieves. The fragment shape is characterized by circularity, C , given by:
where S is the area and P is the perimeter of the fragment image in the photographs given in Fig.7 . The circularity value equal to 1.0 indicates a perfect circle. A decrease in the sieve size leads to a growth of the circularity to 0.8 and narrowing of the scatter, Fig.8 . This can be indicative of the fact that fragmentation on the small scale is defined by the structure of material and mainly by feldspar and amphiboles, the grain size of which is about 1mm. An increase of the circularity for the sieve with the cell size of 0.63mm, compared to the cell size of 1mm, is different for different samples, Fig. 9 . It depends on the material structure of the samples.
COMPARISON WITH OTHER MATERIAL
e have analyzed fragmentation of six materials under five different loading conditions: i) granite fragmentation under quasi-static loading (present paper); ii) fragmentation of impact-loaded quartz bars [18] [19] [20] 
ZrO [20] [21] [22] [23] and SiC [21] ceramics fragmentation in a Hopkinson pressure bar test, iiii) syminal (synthetic mineral alloy) fragmentation under high-speed impact [20] ; iiiii) fragmentation of tubular alumina ( 2 3 Al O ) samples under shock-wave loading [24, 25] . The main parameter, which governs fragmentation statistics, is the specific strain energy ( J/kg) E . Due to the usage of different loading setups, it is impossible to evaluate specific energy using the same method. But the ZrO and SiC ceramics, syminal and granite), which exhibits power law as fragment size distribution, Fig.11 . Alumina fragment size distribution is the combination of power and exponential laws. The quantity D depends on the load intensity (specific strain energy E ), material structure (the porosity of 2 ZrO ceramics samples varied from 2% to 30%), and specimen pre-treatment (end polishing, strict parallel alignment, flatness of contact with the bars). As is seen from Fig.11 , preliminary treatment of ceramic specimens (data within an oval) significantly reduces the spread of the distribution exponent, D . Data analysis suggests that D increases with the rising number of fragments per unit mass (with the rising load intensity). To compare fragmentation process of granite, quartz and ceramic, we construct on the same plot fragment size distribution for three samples (Fig.12) Fig. 11 . The value, r, on the plot shown in Fig.12 is expressed as: where m is the fragment mass, and T M is total fragment mass. The analysis of Fig.10 and Fig.11 shows that we can get the similar distribution for granite, quartz and ceramics, but at different value m N . In this case the relation for fragmentation intensity, m N , is:
Inequality (5) describes the real resistance to fracture of these materials. For fragmentation of 2 ZrO ceramics (even with high porosity about 30%), we need to expend more energy than for fragmentation of quartz and granite. 
CONCLUSION
ragmentation of Mansurov granite under quasi-static loading described by power law (Fig.2(b) ) in the range of fragment mass from   5 4.5 10 g to 500 g (7 orders). The shape of the fragments changes from splinter (circularity 0.3) to oval (circularity 0.8). The increasing in the circularity and the number of grains with the size equal to about 1mm explains the sharp growth of the fragments number with the size about 1mm. This fact can be caused by chipping of feldspar grains. Thus, it can be concluded that along with the cracking for the formation of small fragments, we have an additional failure mechanism, which is caused by grain disintegration.
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